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\\‘ N ABSTRACT - (fRagy 1 Sri i

Experiments have been performed where 10618, A710, A537 and HY80 steel specimens
of surface finish corresponding to #120, 3207 600 and 1500 polishing were polarized
potentiostatically in seawater at -900 mv. {SCE). The resulting calcareous deposits
were analyzed with regard to structure, composition and morphology and found o be
comprised of a relatively cthin inner@ rich layer which formed initially and a
subsequent, thicker, outer aragonite precipitate. The effect of this dual deposic
structure, as well as variations in substrace, surface finish and electrolyte flow
rate, upon current density decay was evaluated; and the observed trends are
discussed in terms of the film formaCion process and cachodlc protection utilic
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Calcareous deposxts are, a relatively unique type of surface film comprised

primarily of €a EQ§ and?Mg(Oﬁsz‘which precipitate upon cathodic surfaces in

seawater. This occurs as a consequencé of increased pH near the metal-electrolyte

§

interfacesin association with thé reactions - - . . 1 * '
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1/2 09 + Hp0 + 2e" ~ 20H and/or (1
2H90 + 2e~ -~ 2H + 20H" (2

which, in turn, alcer the inorganic carbon equilibria

CO7 + He0 = HpCO3, Q
HpCO3 = HY + HCO3~ and (4
HCO3~ - HY + C032- (5

thereby facilitating the reaction

OH" + HCO3 = Ho0 + CO32", (6
As a consequence of 1) or 2) (or both) the equilibrium

Mg*2 + 2(0H") - Mg(OH)q ' (7

is displaced to the right, and because of 6) precipication of CaCO3 is znhanced.

N .

~— > The importance of calcareous deposits to the effective, cfficient operation of
mar! cathodic protection systems is generally recognized by engineers and
scicntists concerned with cathodic protection in submerged marine environments.
Despite the concribution provided by recent research activities in this area (l-4)
a basic understanding of deposits is still lacking. Also of interest is how the fﬁ*
pr tective capacity of calcareous deposits can be optimized. The present paper
reports the results of research that was intended to investigute the influence of
ferrous alloy substrate and rurface finish variations upon the calcareous deposi:
formation process and properties. In the process of doing this research certain
features of these surface films were disclosed which potentially have a broader

impact upon understanding the composition/structure - property interrelationships
of these precipitates.

N

EXPERIMENTAL PROGEDURE

Specimens: The test material for the experiments was 1018, HY80, A710 and A337
steels, the composition for each being as listed in Table I. Specimens of a 13 mm
0D/6 mm ID by 25 mm long cylindrical geometry were machined from these followed by
progressive polishing with SiC paper wetted with mineral oil to the desired surface
finish. This was follo'ed by an acetone rinse, air drying and mounting on a
stainless steel rod between two Delrin washers, as shown by Figure 1. Immediately
preceding the experiment each specimen was repolished with the final finish
polishing paper, ultrasonically cleaned, acetone rinsed and air dried.

Electrochemical Cell: A series of four electrochemical cells were employed,
each of which involved a standard 600 ml glass beaker and a Plexiglas cap with
ports for the 1) working electrode, 2) a Pt coated Nb mesh counter electrode, 3)
saturated calomel reference electrode, 4) thermometer and 5) seawater inlet and
exhaust, The cells were immersed in a constant tempeurature bath such that
tempezature for all experiments was in the range 24 % 2°C. This bath was not
employed for a limited number of short term experiments for which temperature in
any given case was constant within 1°C and in the range 24-28°C. Figure 2
schematically illustrates the arrangement for an individual cell. The elecrrolyte




was sand filtered, natural sea water, the properties of which have been reported
previously for an annual cycle (5). Cacliodic polarizacion was mafintained at -900%2
mv, SCE, cthroughout the experiments utilizing locally fabricaced potentiostats
based upon the circuitry of Babolan et al (6). .

General Procedure: Inicial cell sec-up involved establishment of che desired
flow race and polarization of a dummy specimen of the same material as the working
electrode in question to -900 mv, Subsequently, the actual working electrode was
concurrently immersed and polarized. Potential and current data were recorded at
intervals ranging from 10 seconds to two hours by an Esterline Angus Model PD 2064
data acquisition system. Upon terminazion of an experiment the specimen was rinsed
with disctilled wacer and acetone, air dried, disassembled from the mounting rod and
stored in a vacuum desiccator. Compositional and morphological studies utilized an
EGS&G ORTEC Syscem 5000 and ISI Super IIIA SEM. Film crystallography was identified
using a Phillips Model 3600 X-ray diffraction unic.

RESULTS AND DISCUSSION

Subsetrate and Surface Finish feccs: Figures 3-6 present current dansizy
versus time plots to 8400 minutes for che different surface finishes of each of the
four steels. In a generalized sense the 1018 and A710 dacta were characterized ty a
sigmoidal curve involving l) an upper plateau of approximately constant current
density to about 2000 minutes, 2) a transition regime of current density decay
(2000-4000 minuctes) and 3) a lower plateau of constant current density in the range
25-100 mA/m2 (time > 4000 minutes). This ctrend is in general accord with that
reported previously by others (1,3,7-9). Note also that the current densicy Ior
the lower plateau is in general agreement with the design current density or
quiescent water marine cathodic procection (10). The upper plateau was less
distinct for A537 (Figure 5) and HY80 (Figure 6). At the same nime the 1018/=120
data (Figure 3) exhibited current density-time behavior analogous to that fer HYS(
of all four surface finishes. The observation from Figures &4 and 5 that there was
nothing distinctive for the #120 surface finish for A710 and A537 steel specimens
suggests that surface roughiless per se was probably not responsible for the unique
1018/2120 behavior and that the relatively low upper plateau current density for
this test condition was due to some other factor.

It is generally recognized that the current density to polarize steel to
relatively modest cathodic potentials in seawater is determined by dissolved oxygen
availability as affected, first, by oxygen concentration polarization and, second,
by calcareous deposits. Development of oxygen concentration polarization probably
influenced the upper plateau current density; and deposits were important
subsequently in the procecs, as will be demonstrated later. While the presenc
experiments involved an electrolyte replenishment rate of 100 ml/min for 1018, A710
and A537 steels, the value for HY80 was 40 ml/min, Previous research has shown
that current density required to cathodically polarize steel in seawater varies in
direct proportion to velocity during che initial period of expt.sure, consistentc
with che anticipated role of oxygen concentration polarization (11). Flow rate
difference mag have been responsible for the lower initial current density of HY80
(170-330 mA/m¢) compared to the other steels where this parameter was in the range
270-540 mA/m¢. With this possibility in mind it was concluded that there were no
trends in the present data to indicate a dependence of current density decay upon
either substrate or surface finish. At more negative potentials, where the
hydrogen reaction becomes progressively of greater importance, low overvoltage
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cathodic sites which differ according to substracte could establish a varied local
electrolyte composition and in so doing modify deposit formation kinetics.

wosic Morphology and Composition: The morphology of all specimens was
studied after the 8400 minute exposure. While the general appearance of these was
similar to what has been rcported by others (1,3,8,9) for steel exposed under
comparable conditions, distinctive morphological size scale variacions were
apparent, as illustrated by the examples in Figure 7a-c. Interascingly, there was
a dicect correspondence between deposit size and upper plateau current density.
Thus, the moxphology in Figure 7a, was observed for 1018/:320, 600 and 1500,
A710/#120, 320, 600, and 1500 and A537/#600. In cach of thaesc cases the ugper
plateau current density was near or greater than 400 mA/mé. The deposit appearance
in Figure 7b, on the other hand, was observed for AS537,/=120, 320 and 15090, for
vhich the upper plateau current density was in the approximate range 325-400 mi a-
All HY80 surface finishes as well as 1018/%120 corresponded ir appearance Tto Fi.ao
lc fgr which current density in the pre-2000 minute period was cypleally belew 2.
mA/m<.

Compositional analyses revealed the predominant cation to be ca*?  wich minor
amounts (< 6 w/o ecach) of Mg, Sr, Fe, Cl, S, Si and Na alse being detected. u
consistent compositional tra.d for any of these components was apparent with zezacl
to subscrate or surface fianish. N-ray diffraczion analysis of powder sarpler
collected from specimens exemplifying the three morpholrgy ctypes (Figu*ﬂ T
revealed these to be predominantly aragonite in each case.

Deposit Evolution: Not apparent from Figures 3-6 because the compressed zime
scale is an initial, relatively abrupt current density decay which was noted Zos
all substrate/surface finish combinations during the initial minute of axpos.ze
This is illustrated by Figure 8 for the specific case of A710/:600. To investigat.
the evolutionary nature of deposits, both during and subsequent to cthis -ui:ia-
decay, a scparate experiment was performed upon a series of 1C18/=600 specim:ns,
each of which was polarized to -900 mV with individual ctests being terminated a:
0.4, 2, 60, 1000, 2000, 3C00, 4000, 6000, and 8400 minutes (nominal). Figure %
reports the current density for the longer term specimens just prior to removal
from the solution and reveals a general current density decay trend similar to that
in Figures 3 and 4, The 0.4 and 2 minute termiration times were selected as
representative of the initial current density decay period (Figure 3}
Correspondingly, the 60, 1000 and 2000 minute specimens were intended to exemglifv
the beginning, mid-point and terminus of the upper plateau, whereas the 4000, 000
and 8400 minute ones vere for chese same hallmarks on the lower plateau. The 300G
minute specimen, on the othar hand, fell at about the mid-point of the second
current density decey.

Figures 10-12 present micrographs of the specimens exposed for (.4, 2 and 60
minutes, respectively. EDAX analysis revealed each of these surfaces to be
uniformly covered by a Mg-rich film (presumably Mg(OH);). The individual particles
which are also apparent in these figures were predominantly Mg. Figure 13 presents
a micrograph of a short term exposure specimen where the Mg-rich film debonded,
thereby revealing the thin, uniform nature of this precipitate. The relative role
of oxygen concentration polarization, as opposed to film formation in causing the
initial current density drop (1400 to 500 mA/m , Figure 8) was investigated by
performing several parallel experiments in both sszawater and a 3.5 w/o NaCl -
distilled water solution. Figure 14 exemplifies the results of these and reveals
significant current density drop in the NaCl solution where film formatlon should
not occur. The upper plateau current density was approximately 275 mA/m less in




seawacer than NaCl - distilled water, however; and this difference must be ascribed
to che Mg-rich film in the former case. Thickness of this f£ilm was calculacted as
approximately 10-8m by assuning all kydroxides produced via Equations L and 2 prior
to current density achieving the upper plateau value formed Mg(OH)p. However, this
calculation has not considered 1) possible £ilm porosity, 2) the pk increase from
ambient to about 9.5 and 3) reaction of OH" by Equation 6. Cousequently, chis
result must be considered as an order-of-magnitude estimace only.

Figures 15-20 present micrographs of the morphologies for 1000 cto 8400 minutes
and record the progressive occurrence of Car93 precipictation (relatively largze
particles). The shorter time deposit struucures (1000 and 2000 minucas) ware
comprised primarily of individual, isolaced parcicles, wharcas at groater times
(4000 minuzes and beyond) these have grown together and covered almost the entirze
surface. TFor the intermediate times (2000-4000 minuctes) deposit development
finvolved progressive particle impingement. Correspondence of this period wich =he
second current densicy decay (Figures 3-6) indicates that lc was this growing
togecther of parcticles which provided the oxygen diffusion barrier that resulted in
the final, lower plateau current density. The fact chat current density was
relatively constant prior to 2000 minutes suggests that che separate, unit CaC0;
parcicles had little or no effect upon net oxygen availabilicy and chat impingement
was raquired for current density reduction.

The observation that the lower plateau current density did not depend upen
substrate or surface finish and was approximately the same for both 100 nml/min
(Figures 3-5) and 40 ml/min (Figure 6) replenishment rates indicates that cthe
effective resistance of the deposits to oxygen diffusion was independent of these
factors {(substrate, surface finish and flow rate). This conclusion in the case ol
flow rate is consistent with the results of others who have shown cachodic current
density, once deposit formation has taken place, to be velocity independent
provided the coating has not been mechanically disturbed (11,12). The depasit
morphological differences (Figure 7), which were projected to result Irom
distinctions in the initial or uppar plateau current densities, had no apparent
influence upon oxygen diffusivity. Analysis of the long term (8400 minutes) £ilm
revealed only minor amounts of Mg, as discussed earlier, However, sctripping of
deposits from the substrate and analysis of the underside revealed that an inner
Mg-xich layer was present (13). This was confirmed by frontal, spot analysis of
local areas where the outer layer, Ca-rich particles had not impinged. Thus, the
final calcareous deposit which formed upon the present specimens involved a
relatively thin, uniform Mg-rich inner layer which was probably Mg(OH)9 and a
thicker, outer layer of interlaced aragonite particles.

It is generally recognized that Mg(OH); is undersaturated in seawater for
ambient conditions and tends to precipitate only for pH > 9.5. Calcium carbonate,
either as aragonite or calcite, has a lower solubility product than for Mg(OH)9 and
is supersaturated under near-surface conditions. Precipitation kinetics for CaCOy
are, however, slower than for Mg(OH)9 due to an inhibiting influence of Mgt upon
aragonite nucleation and upon both nucleation and growth of calcite (14). These
factors explain ‘the observation that 1) the initial film which precipitated was Mg-
rich and 2) CaC03 formed predominantly as aragonite rather than the more sctable
calcite.

It has been previously projected that magnesium depletion in association with
Mg(OH)9 precipitation is a precursor to CaCO3 formation (2,3). However, Sadasiran
(15) has reasoned that this does not occur once steady-state has been established
due to relatively high (Mg**) in seawater compared to [OH"], such that
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precipication of Mg(OH)y is under OH™ and noct Mgtt concentration control. Thus, pH
near the metal-electrolyte incerface should rise only slightly above 9.5 (assuned
pH corresponding to the Mg(OH); solubility limit) and [Mg't] should not be
significancly different from the saturxation value at cthat pH. aAlthough
precipitation of the Mg-rich film occurred readily during the initial few seconds
of exposure, its development was limited in associacion with the modest electrolyte
layer chickness within which pH was such that (MgT+){oH")2 > Ksp- The reporting by
others of more rapid CaCOj precipitacion in Mg*" free synthetic scawater comparsd
to solutions where cthis cation was present (2,3) is probably related to the
enhanced buffering capacity of the latrer soluction (secawater) and correspondingly
reduced pH and driving foirce for precipitation, Inscead of CaC03 formation
kinetics being influenced by ¥g** deplecion, it is more likely that sufficienc ¥g**
existed {in the near-interface eclectrolyte to eliminate calecite nucleation and limit
aragonite nucleaction to the extent observed microscopically (see Figures 192-15),
However, once a parcicle ¢f this phase achieved critical size, growth was rapid dua
to che relatively high supersaturaction level which exists ac pH ~ 9.5. The
microscopic evidence (Figure 7) supports cthis low nucleation-high growth rate
projeccion. Also, the reporting of increased particle size at higher current
densicy (alcernacely, flow rate) is consistent with lower nucleation rate for this
condition, since pH gradient should be more steep and OH" less conc ncracted in the
diffusion boundary layer at higher velocity.

t of Velocitv upo tial Precipication. The observation frem comparison
of the current density-time trend for 40 ml/min (Figure 6) and 100 ml/min specinens
(Figures 3-5) suggests that flow rate was influential wich regard to the upper
plateau current density. On chis basis it is possible that an undisclosed low
velocity condicion existed for testing of the 1018/#120 specimen (Figure 3) and
cthat che exceptional current density trend for this experiment was a consequence cf
this. Flow rate variations of a lesser degree could have accounted for the norn
modest specimen-to-specimen differences apparent in Figures 3-6. On this basis a
series of short term tests were performed upon HY80/#600 specimens with flow rate
in cthe range 20-380 ml/min. Figure 21 reports the results of chese and shows that,
while initial current d(ensity was the same in each case according o the bulk
oxygen concentration the upper plateau current density varied in general in direct
proportion to flow rate. Figure 22 plots upper plateau current densicy versus Zlow
rate for all experiments, including those in Figures 3-6, 8 and 21 and shows a
direct, linear dependence of the former upon the latter. Such an observation must
be related either to differences in dissolved oxygen transport through the Mg(OH)a
film or in the diffusional boundary layer beyond the film or both. To investigate
this a series of experiments was performed where flow rate was increased subsequent
to formacion of the Mg-rich £film and the accompanying current density change
recorded, Figure 23 reports the results where one specimen each of HY80/2600 was
exposed to a flow rate of 22, 260 or 300 ml/min for the initial 10 minutes,
followed by 10 minutes at 400 ml/min and finally returned to to the original value.
Consistent with Figure 22 the current density varied in proportion to flow rate and
was the same in each case during the 400 ml/min period. This indicates either
that the resistance of the Mg-rich film to oxygen diffusion was the same in each
case or that the f£ilm thickness varied inversely and changed reversibly with flow
rate as a result of precipitation/dissolution. That currert density on the lower
plateau was velocity independent (Figures 3-6 and reference 1ll) was probably due
to the film here being sufficiently thick and resistive compared to the electrolyte
diffusional boundary layer that significance of the latter was negligible.

This research indicates that although the inner Mg-rich layer was a small




contributor to the overall deposit thickness, it was still important since it is
upon this cthat CaCOj precipitates formed. On this basis subsequent research should
focus upon if and how modificacions to the inner layer affect the scructure and
propexties of aragonice precipitacion,

CONCLUSIONS

Wicthin cthe range of experimencal paramecers invescigated che £ollowing
conclusions have been made:

1.

A uniform Mg-rich film formed within cthe {nivial minuce or so of
polarization. Dasplite being relarcively cthin (~10-8m) chis film
significantly reduced oxygen flux to the cathode., The stoady-state
cathadic current density associated with the film increased in proportisa
to flow rate,.

Nucleacion and growth of CaCO3 occurred at a slower rate than for tha ¥j-
rich f£ilm, such chat the final calcarsous daposit was a composita of a
relatively chin, inner Mg-rich layer and a chicker, outer one of
aragonize. Morphology of CaCOj was more course the higher the curran:
density, actually flow rate, apparently due to a more steep {OH"] gradient
and reduced driving force for nucleation. CaC03 influenced oxygen flux
and current density only after the individual parcicles impinged upon one
another, which required an exposure time > 2000 min. Once this growing
together was nearly completed, current density stabilized at a second,
lower value which was comparable to marine cp design current densities and
independent of flow rate.

Calcareous deposit structure and properties and current density decay wore
essentially the same for 1018, A710, AS537 and HY80 subsctrates ard Zor
surface finishes corresponding to =120, 320, 600 and 1500 polishing. This
was actribuced to cthe fact that, firsc, the pH increase near the metal
surface occurred in association with oxygen reduction and, seconc,
aragonite formed upon the Mg-rich f£ilm and not the steel per se.
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Figure Captions

Figure 1, Schematic flluscration
of specimen holder.

Figure 2, Eleccrochemical cell
arrangenanc,

Figure 3. Current densicy versus
time curves for 1018
steel specirens of four
differenc surface
finishes concurrencly
polarized i{n seawactar
at -900 nmV and 100
nl/min flow race.

Figure 4. Currenz denisicy versus
time curves for AT10
steel spocimens of four
differant surface
finishes concurrenctly
poiarized in seawater
at -900 nV and 100
ml/min flow race.

Figure 5. Current densicy versus
time curves for AS537
steel specimens of four
different surface
finishes concurrencly
polarized in sgawater
at -900 nV and 100
nl/min flow race.

Figure 6. Current densicy wversus
time curves for HY80
steel specimens of four
different surface
finishes concurrencly
polarized in seawter at
-900 mV and 40 ml/min
flow race.

Figure 7. Scanning electron
micrograph of
calcareous deposits on
specimens polarized to
-900 mV at seawater
refreshment rate of 100
ml/min £for 8400 min,.
(a) A710/#120 steel,
(b) A537/#320 steel and
(c) 1018/#120 steel.
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Flgura o

Flguze 9.

Figure 10,

Filpure J1.

Figare 12,

Figure 13.

Trotcal cuvrent density
versus time curve for
the firxzt 10 minuces of
polarizacion to -900
mV. A710/%600, seawatar
refreshment rave of 100
ml/min,

Current density versus
cime curve for
1018/»#600 sceeld
polarized to -900 mV
for 8400 ninues. Daca
points are the final {
valuas for specimans
exposnd fer 1000, 2000,
3000, 4000 and 6090
minvces.

Sranning eleccron
micrograph of
ralcareous deposits on
1018/#600 sceel
volarized to -900 nV
for 0.4 minuces ac
seawater refreshment
rate of 100 ml/min.

Scanning electron
micrograph of
calcareous deposits on
1018/=2600 sctecl
polarized to -900 mV
for tws minuzes at
seawater refreshment
rate of 100 ml/min.

Scanning electyon
micrograph of
calcareous deposits on
1018/#600 scteel
polarized to -900 mV
for 60 minutes at
seawvater refreshment
rate of 100 ml/min.

Scanning electron
micrograph of partially
disbonded calcareous
film on 1018/#600 steel
polarized to -900 mV
for 15 minutes at
seawater refreshment
rate of 100 ml/min.
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Flgure 4.

figura 15.

Figure 16.

Figure 17.

Figure 18,

Curxent density versus
time curves for
polarizaction of
HYB0/W600 scteel in 3.5
w/o NaCl and in natural
seawater at -900 mV and
refrszshment race of 100
nl/min.

Scanning eclectron
micrograph of
Calearaous deposics on
1018/#600 polalrizad to
-900 mvV for 1000
minutes ac seawater
refreshmont racte of 106
al/min. (a) low
magnificacion and (b)
high magnificacion.

Scanning electron
micrograph of
calcareous daposits on
1018/%600 polarized to
-900 aVv for 2000
ninutes ac scawater
refreshmenc racte of 100
mnl/min. (a) low
magnification and (b)
high magnificacion,

Scaaning eleccron
micrograph of
calcareous decposits on
1018/=600 polarized to
=900 mV for 3000
minutes at seawater
refreshment rate of 100
ml/min, (a) low
magnification and (b)
high magnificacion.

Scanning electron
micrograph of
calcareous deposits on

1018/#600 polarized to

<900 mV for 4000
minutes at seawater
refreshment rate of 1(0

ml/min. (a) Low
magnification and (b)

high magnification.
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Figure 19, Scanning electron
micrograph of
calcareous deposits on
1018/#600 polarized to
-900 nV for 6090
minutes at seawager
regfreshment rate of
1000 ml/min. (a) low .
magnification and (b)
high magnificacion.

Figura 20. Scanning electron
micrograph of
calcareous deposits on
1018/=600 polarized to
-900 mV for 8400
minuces at secawacter
refreshment rate of 100
ml/min, (a) low
magnification and (b)
high magnificacion.

Figure 21. Current density versus
time curves for
HY80/#600 specliemns
polarized to -900 mV at
seawater refreshment
rates of 20, 40, 100,
200 and 380 ml/min.

Figure 22. Plot of upper current
density plateau values
vs., seawacer
refreshment rate for
all experiments,

Figure 23. Current density versus
time curves for
HY80/7#600 specimens
polarized to -900 mVv,
Each specimen was
exposed to flow rates
of 22, 260, or 300
ml/min for the initial
10 min. followed by 10
min. at 400 ml/min and
then returned to the
initial flow rate.
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Figure 3. Current density versus time
curves for 1018 steel specimens
of four different surface
finishes concurrently polarized
in seawater at -%00 mV and 100
ml/min flow rate.
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Figure 4.

Time (min)

Current denisity versus tine
curves for A710 steel specimens
of four different surface
finishes concurrently polarized
in seawater at =-900 mV and 100
ml/min flow rate.
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Figure 5. Current density versus tine

curves for A537 steel specimens
of four differant surface
finishes concurrently polarized
in seawater at =900 nV and 100
ml/nin flow rate.
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Current density versus time
curves for HY80 steel specimens
of four different surface
finishes concurrently polarized
in seawter at -900 mV and 40
ml/min flow rate.
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Figure 7. Scanning electron micrograph of
calcareous deposits on specimens
polarized to ~-900 mV at seawater
refreshment rate of 100 ml/min
for 8400 min. (a) A710/%120
steel, (b) A537/%320 steel and
(c) 1018/#120 steel.




Figure 7 (b).
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Figure 9. Current density versus time curve
for 1018/%600 steel polarized to
=900 mV for 8400 ninues. Data
points are the final i values for
specimens exposed for 1000, 2000,
3000, 4000 and 6000 minutes.
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Scanning =a2lectron micrograph of
calcareous deposits on 1018/%600
steel polarized to ~900 mV for
two minutes at seawater
refreshment rate of 100 ml/min.
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Figure 13. Scanning electron micrograph of

partially disbonded calcareous
£ilm on 1018/#600 steel polarized
to -900 mV for 15 minutes at
seawater refreshment rate of 100

ml/min.
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curves for polarization of
HY80/#600 steel in 3.5 w/o NacCl
and in natural seawater at =900
mV and refreshment rate of 100
ml/min.
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Figure'14. Current density versus time
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Figure 16,
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Scanning electron micrograph of
calcareous deposits on 1018/%600
polarized to =900 mV for 2000
minutes at seawater refreshment
rate of 100 ml/min. (a) low
magnification and (b) high
magnification. '
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Figure 17. Scanning electron micrograph of

calcareous deposits on 1018/#600
polarized to =~900 mV for 3000
minutes at seawater refreshment
rate of 100 ml/min. (a) low
magnification and (b) high
magnification.




: ‘ure 18.

Scanning electron micrograph of
calcareonus deposits on 1018/:600
polarized to =900 mV for 4000
minutes at seawater refreshment
rate of 100 ml/min. (a) low
magnification and (b) high
magnification.
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Figure 19.

Scanning electron micrograph of
calcareous deposits on 1018/37600
polarized to -900 mV for 6000
minutes at seawater regfreshment
rate of 1000 ml/min. (a) low
magnification and (b} high
magnification.
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Figure 29, Scanning electron micrograph of
calcareous deposits on 1018/4%600
- polarized to =900 mV for 8400

magnification and (b) high
magnification. :
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Figure 21. Current density versus time

curves for HY80/#600 speciemns
polarized to =-900 mV at seawater
refreshment rates of 20, 40, 100,
200 and 380 ml/min.
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Figure 22.
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Plot of upper current density
plateau values vs. seawater
refreshment rate for all
experiments.
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Figure 23.
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Current density versus time
curves for HY80/#600 specimens
polarized to =900 mV. Each
specimen was exposed to flow
rates of 22, 260, or 300 ml/min
for the initial 10 min. followed
by 10 min. at 400 ml/min and then
returned to the initial flow
rate.
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